The intensity distribution of a transmission from a single mode optical fiber is often approximated using a Gaussianshaped curve. While this approximation is useful for some applications such as fiber alignment, it does not accurately describe transmission behavior off the axis of propagation. In this paper, another model is presented, which describes the intensity distribution of the transmission from a single mode optical fiber. A simple experimental setup is used to verify the model's accuracy, and agreement between model and experiment is established both on and off the axis of propagation. Displacement sensor designs based on the extrinsic optical lever architecture are presented. The behavior of the transmission off the axis of propagation dictates the performance of sensor architectures where large lateral offsets (25-1500 µm) exist between transmitting and receiving fibers. The practical implications of modeling accuracy over this lateral offset region are discussed as they relate to the development of high-performance intensity modulated optical displacement sensors. In particular, the sensitivity, linearity, resolution, and displacement range of a sensor are functions of the relative positioning of the sensor's transmitting and receiving fibers. Sensor architectures with high combinations of sensitivity and displacement range are discussed. It is concluded that the utility of the accurate model is in its predicative capability and that this research could lead to an improved methodology for high-performance sensor design. This paper has been reviewed by Los Alamos National Laboratory and received the following release number: LA-UR 11-00501.
INTRODUCTION
The use of fiber optic sensors has become increasingly widespread in certain sensing applications over the past few decades as the hardware required to implement them has become more readily available. In addition to not necessitating physical contact during testing, non-contacting fiber optic sensors are both non-spark emitting and immune to electromagnetic interference, making them preferred over traditional electro-mechanical sensing methodologies in certain applications. Further, as a result of low electro-optical noise levels, fiber optic sensors often exhibit significant performance increases over their electro-mechanical sensor counterparts.
The two most common implementations of non-contacting fiber optic displacement sensors are the extrinsic Fabry-Perót interferometric (EFPI) displacement sensor and the intensity-modulated displacement sensor. In a non-contacting EFPI displacement sensor, the electromagnetic source's transmission is both partially reflected by and partially transmitted through the sensing fiber optic cable. As shown in Figure 1 , a fraction of the transmitted portion ultimately re-enters the optical fiber after reflecting off the nearby target surface. These two distinct components are recombined and recorded by a photodetector. After traveling different distances, the two signal components are no longer necessarily in phase with one another, creating the potential for interference between them. The nature of this interference provides insight into the displacement of the nearby target surface. Various signal processing approaches have been reported as EFPI demodulation schemes with varying degrees of achievable performance [1] - [2] . The EFPI constitutes the most accurate non-contacting, optical displacement sensing methodology reported to date, with its high-accuracy resulting from the small, nanometer-scale of the wavelength of the transmitted ultra-violet, visible, or infrared light. Additionally, since demodulation is performed solely in terms of phase interference, the accuracy of this sensing approach is robust to fluctuations in source power levels, optical loss mechanisms, surface reflectivity, and to some degree target *eamoro@lanl. The two interfering signal components that separate at the optical fiber tip, and the different path lengths that these components travel, are illustrated here.
In the case of intensity-modulated displacement sensors, performance is typically based on a linear relationship that exists between displacement and the measured power level of the reflection off of a nearby target surface [3] . By contrast, the performance of the simplest intensity-modulated optical displacement sensors is not robust whatsoever to fluctuations in source power levels, optical loss mechanisms, surface reflectivity, or target misalignment, because these factors all influence the measured power level in a way that is not the result of target surface displacement. However, displacement demodulation necessitates only the simplest computation, and as a result intensity-modulated displacement sensors can sample at large (GHz) sampling rates. Various displacement sensor architectures have been reported that increase sensor robustness [4] - [5] ; such as the differential bundled architecture shown in Figure 2 where displacement is modulated as the ratio of two received power measurements, each of which is taken from one or more receiving fibers. A robust, intensity-modulated optical displacement sensor is preferred over an EFPI displacement sensor in testing scenarios where simple computation and high sampling rates are desired over ultra-high precision. The rest of this paper focuses entirely on the design of robust, intensity-modulated displacement sensors. Figure 2 . An example of a bundled, intensity-modulated optical displacement sensor is shown. The quantity and location of receiving fibers, relative to the transmitting fiber, and the grouping employed during demodulation may be adjusted in an attempt to achieve an application-specific, high-performance sensor. Note that at a minimum, fiber cores are separated by the diameter of the fiber coating, which in this case is equal to 250 µm.
BACKGROUND
Intensity-modulated optical displacement sensors of varying complexity and performance capabilities have been reported both in research environments and commercially [3] - [6] , and a wide range of models have been implemented to simulate the spatial behavior of the optical transmission. A simple optic-ray geometry model was implemented in [3] , and in [5] a more sophisticated Gaussian curve was used to approximate the radial power distribution of the optical transmission. While the Gaussian model is physically more accurate than the optic-ray model, neither of these approaches perfectly characterizes the power distribution of the propagating LP 01 mode, the only mode that propagates within a standard single-mode fiber [7] . Consider Figure 3 , where a recently reported Gaussian model is compared to experimental data. The hardware and method used to measure this experimental data are outlined in detail later in this report. Notice in particular that the accuracy of the Gaussian approach decreases significantly off the axis of propagation, as the radial offset increases. Consider the bundled architecture shown in Figure 2 . In order to accurately simulate the reflected power level at the cores of the receiving fibers, which in this case are offset radially from the core of the transmitting optical fiber by at least 250 µm, a model that accurately characterizes transmitted power levels off the axis of propagation is required. A model was recently proposed that is based on electromagnetic wave propagation theory and appears to accurately describe measured power levels at both large and small radial offsets [8] . However, the authors of [8] did not pursue a direct comparison of simulation results to experimental results, nor did they attempt to characterize the resulting error between simulation results and experimental results. The goal of this paper is to quantify and describe any such error, using the model proposed in [8] . With an accurate representation of the transmission's spatial behavior, the potential for application-specific, high-performance bundled displacement sensors may exist. A particular sensor's design can be guided using an optimization routine that works through that sensor's design space. Further, if such a sensor is differential in nature, it will exhibit robustness to the previously mentioned fluctuations, thereby eliminating the traditional deterrent from using intensity-modulated methodology and combining the robustness and consistency of the EFPI with the large bandwidth and low computational demands of the intensity-modulated approach.
TRANSMISSION MODEL
The transmission model described in this paper was previously introduced by Trudel and St-Amant [8] . As stated in Section 2, the primary goal of this paper is the quantitative comparison of this model to experimentally observed power levels, not the introduction of a new transmission model. Once its accuracy has been verified, this model could potentially be used to guide the design of a differential, bundled, intensity-modulated displacement sensor, similar to the one shown in Figure 2 . As stated previously, the LP 01 mode is the only mode that propagates within a single mode fiber, and its field function is given by ( ) 
Equation (2) is derived from the formulation for a cylindrically symmetric mode diffracting through a circular aperture [9] . Ψ(r') is the LP 01 mode field as it propagates within the optical fiber, λ is the wavelength of the propagating light, j= −1 , (r,θ) are the coordinates of the transmitting fiber frame, and (r',θ') are the coordinates of the receiving fiber frame. The input and output coordinate frames are related by ( ). 
r d constitutes the translation between transmitting and receiving fiber frames and is referred to as the lateral offset between the transmitting and receiving fibers.
The coupling efficiency between fibers, or the fraction of the transmitted light which enters the receiving fiber, may be calculated using the normalized overlap integral [10] , expressed in cylindrical coordinates as where, Ψ in =Ψ(r) as given in (1), and Ψ out =Ψ out (r,θ,z) as given in (2) . The denominator terms in (4) normalize the overlap integral by the transmitted and received mode fields. The field functions calculated in (1) and (2) may be substituted into (4) in order to calculate the received optical power at any point in space, given a particular set of transmitting and receiving field functions. Although the numerical calculation of the overlap integral is computationally intensive, the aim of this research is to solve (4) only as part of the sensor design process. In other words, the complexity of (4) will not affect sensor performance during operation. Rational bounds need to be chosen for the limits of integration over the radial coordinate r in both the overlap integral (4) and the diffraction integral (2). After running numerous simulations, appropriate limits were established which differ significantly from those reported in [8] . For the level of numerical precision used during computation, an upper limit of r'=20 µm was sufficient for the calculation of (2) at all of the axial displacements explored over the range 1000 µm to 50,000 µm. For the same level of precision, the upper limits on (4) ranged from r=400 µm at an axial displacement of 1000 µm to r=3900 µm at an axial displacement of 50,000 µm.
EXPERIMENTAL PROCEDURE
The experimental setup that was used for this research is shown in Figure 4 . A 5 mW super luminescent diode (SLD), centered at 1528 nm (Covega Corp. SLD 1108) was controlled with a laser driver/thermoelectric cooler (TEC) (Covega Corp. LDC1300). Single mode step index optical fibers (Corning, Inc. SMF-28e), a broadband InGaAs photodetector centered at 1550 nm (Thorlabs, Inc. DET01CFC), and a data acquisition module with an impedance of 1 MΩ (National Instruments Corp. NI PXI-4461) were used for measuring the power level at the receiving fiber tip. A 3-axis translational stage (Newport Corp. 561D) and a 1-axis translational stage (Newport Corp. 443) were used for precise control of the receiving fiber position. The transmitting fiber was mounted on a device with pitch control (Thorlabs, Inc. KM100T) so that alignment with the receiving fiber could be established.
Alignment was achieved between the transmitting fiber and the z-axis of the receiving fiber. With alignment established, the inherent separation distance between the transmitting and receiving fiber that results from hardware limitations was estimated to within +20 µm. The mean and variance of the DAW hardware's noise floor were measured while no transmission was being sent via the SLD. These experimentally determined values were incorporated into the model discussed in Section 3 in an attempt to simulate the hardware's low-intensity limitations. The receiving fiber was translated across a range of radial offsets for a range of axial displacements, and the measured optical power level Radial Offset (jim) Radial Offset (jim) (a) (b) recorded at each point in space. The result of this simple experiment was a picture of the spatial power distribution of the transmitted optical signal. An understanding of the propagating power levels can be related back to the sensor architecture shown in Figure 2 , taking into account the reflection of the optical transmission off of the target surface, to guide the quantity and placement of the receiving fibers that exist in a bundled sensing probe. Figure 4 . This setup was used to sample optical power as a function of both axial displacement and radial offset.
RESULTS AND DISCUSSION
Transverse sweeps were performed at axial displacements of 1, 2, 3, 4, 5, 20, 35, and 50 mm, and representative results shown in Figure 5 , providing a direct comparison between experimental results and simulation results. Excellent agreement is achieved, with both the peak amplitudes and the shapes of the measured and simulated transmission distributions. The largest errors are less than 1 dB. The root-mean square error (RMSE) between the measured and simulated results, and calculated across a range of radial offsets, is plotted as a function of axial displacement in Figure  6 . The RMSE is observed to be less than 1 dB for the entire range of axial displacements explored. A more thorough, quantitative detailing of the various sources of experimental uncertainty and modeling uncertainty of this analysis specifically, and how they impact the predictive capability of the model can be found in [11] . The excellent agreement between simulation results and experimental results suggests that the model presented here is not only an improvement over the previously utilized ray-optic and Gaussian model, but it also suggests that this model has utility in its capability to predict transmitted power levels off the axis of propagation. By running simulations and obtaining a map of reflected power levels as a function of space, a bundled displacement sensor (such as the one shown in Figure 2 ) could be designed to offer a high-sensitivity and high-resolution over a specified linear displacement range.
CONCLUSSIONS
In this paper a model for the transmission from a single mode optical fiber was experimentally verified, with excellent agreement shown between experimental results and simulation results. Experimentally measured transmission power levels were found to be within +1 dB of simulated transmission power levels over a range of axial displacements that varied from 1-50 mm and a range of radial offsets that varied from 0-4mm. The RMSE calculated as a function of axial displacement between experimental results and simulation results was between 0.15 dB and 0.45 dB. The implication regarding sensor design is that the transmission model explored is adequate to accurately describe the power distribution of a transmission from a single mode optical fiber, both on and off the axis of propagation. Accurate modeling of power levels off the axis of propagation can be exploited to guide the design of a non-contacting, bundled, intensity-modulated optical displacement sensor.
Future work will include the formulation of an optimization routine for exploring the sensor design space and determining an application-specific optimized design. Future work will also include testing the robustness of a differential bundled sensor to such factors as surface reflectivity, displacement measurement of inhomogeneous surfaces, source power levels, and environmental conditions.
